The mechanical strength and subcritical crack growth (SCG) behaviour of four types of MnZn ferrite E cores were determined using constant stress rate tests. Decreasing the stress rate or introducing water decreases the mechanical strength. Using fractography it was shown that the mechanical strength of the standard type of cores depends on the behaviour of two kinds of defect: large grains and pores surrounding agglomerates, having a dtflerent SCG susceptibility. Therefore a bimodal strength distribution was used to give a statistical description of these data. Eliminating the large grains by adapting the pr#ocessing results in cores with only the pores surrounding agglomerates as critical defect. The strength distributions of these cores are comparable to those of the original that have failed on this type of defect. Removing both defect types, besides improving strength, also reduces the susceptibility to subcritical crack growth. 0 1997 Elsevier Science Limited.
Introduction
The mechanical reliability of MnZn ferrite cores is becoming more and more important. Reasons for this are the trend towards higher power throughput, ongoing miniaturization of electronic components and the use of modern printed circuit board soldering methods.'s2 All these factors lead to higher thermo-mechanical loads and thus to a need to better understand the factors determining the mechanical behaviour of these materials.
The mechanical behaviour of MnZn ferrites
The object of this work was to give a first characterization of the subcritical crack growth (SCG) behaviour of a typical MnZn ferrite as used in power applications and to find the defects limiting its strength, by applying fractography and fracture statistics systematically.
The mechanical strength of MnZn ferrites has been shown to depend to a large extent on the oxidation state.3" The mechanical integrity of ferrites is also known to be affected by SCG7-9 (see for a general discussion of SCG, e.g. Refs 10 and 11) . The SCG behaviour of a material is best characterized using a so-called v-K curve."," In such a plot of crack growth rate versus stress intensity, three regimes can be distinguished, In region I, crack growth rate is limited by the rate of the physical or chemical interaction of the 'aggressive agent' with the material at the crack tip. In region II, the supply of 'aggressive agent' from the environment to the crack tip becomes rate-limiting. At even higher stress intensities, in region III, the crack accelerates to its final speed. In most cases, region I is the most important. Assuming that there is no threshold stress intensity to SCG, Charles introduced a power law to describe the crack growth velocity in region I, as a function of mode I stress intensity K,:12
v=AK;
The exponent n is nowadays widely used as a quantitative measure of the susceptibility to SCG. By integrating the power law, one can find a relation between the inert strength S,, the constant stress rate &dt and actual strength a,: v2=fl2+ B ---dE+'
(au/at) using a constant B, incorporating the constants A and n, the critical stress intensity K,,, and the geometry factor Y from the definition of the stress intensity. Here the inert strength is the strength not influenced by SCG, as found by measuring in an inert environment or at high stress rates. This equation can be used to determine the value of n and A from strength data. 1591 1592 hf. Dormers et al.
Bimodal defect distributions
The probability of failure Pf,,+2 of a sample containing two independent, concurrent defect distributions 1 and 2, is given by:13
using the failure probabilities P,,, and P,, of samples having only the respective defect distribution. The failure probability of a single defect population under an applied stress CT can be described using the Weibull equation. Introducing this equation for both defect types, results in:13-15 pf = l-exps c o"-HJ To obtain the characteristic strength parameters q and the Weibull moduli mi corresponding to the two defect populations, the strength data of both have to be treated separately. Based on the observations made by fractography, one can split up the complete data set in two separate sets, one for each defect type. To give a correct statistical description of these sets, the estimated failure probability has to be corrected, using a procedure known as censoring. l4 In the 'standard' analysis of monomodal distributed defects, the failure probability of each sample is estimated using the rank order number i of the samples sorted on strength. The rank order numbers have to be equidistantly spaced from zero to the total number of samples in the set (the increment between successive rank order numbers is constant). If one or several samples are removed from a set (e.g. when they failed on a specific type of defect) the increment between the rank order numbers, now called mean order numbers, of the remaining samples has to be increased to:14 hi = (N + 1) -[previous mean order number]
+ [number of items beyond present removed set]
Using this routine, a separate set for one of the defect types can be obtained by removing the samples failed on the other defect type from the complete set of data, using fractographical observation.
Experimental
To determine the mechanical strength and (SCG) behaviour of typical soft ferrite components, mechanical tests were performed on MnZn ferrite E 42 cores. The cores were all subjected to W tests.' In this test the largest tensile stresses are found in two regions on the back of the core, as indicated in Fig. 1 . The relation between applied force and tensile stress level was determined using finite element calculations based on isotropic linear elastic behaviour. The cores were tested with a constant stress rate (CSR tests) on a universal testing machine with calibrated stress rates, recording the fracture force. Prior to the tests, the edges of the backs of the cores were chamfered on a wetted P400 sandpaper disc, to exclude the possibility of fracture originating from the edges. All cores were subsequently dried. The humidity of the testing atmosphere was decreased by flushing a Perspex chamber, surrounding the test set-up, with dry nitrogen gas until the dew-point temperature was lowered to -25"C, equivalent to a relative humidity of 2.5% ('dry' tests). The humidity was measured using an electronic moisture sensor, fitted in the chamber wall. Alternatively, the back of the core was entirely in contact with tap water ('wet' tests).
Fractography was applied to all broken cores. After finding the location of the critical defect on the fracture surface with the unaided eye, a SEM was used to establish its nature.
Results and discussion

Strength and defects of standard cores
A standard batch of E cores was made, using a normal industrial processing route. The cores of this standard batch were designated 'type A'. In CSR tests, the strength uf of these cores decreases when decreasing .stress rate &r/&, as shown in Fig. 2 , showing a decrease of about 30% (comparing the strength as found at the highest and lowest stress rates) in dry tests. The presence of water increases this effect, resulting in a strength decrease of about 45%. The range of stress rates was too small to give a reliable estimate of the value of the SCG parameters n and A. Using fractography, it was shown that the crack growth leading to failure of cores of type A initiates on microstructural surface defects of one of two types. The first type consists of excessively grown grains, labelled 'g' (Fig. 3) . These defects can originate from chemical interaction <of the ferrite with the alumina refractory powder, on which the cores are placed on their back during firing. Zinc loss, promoted by the formation of ZnA120, with the alumina refractory, gives rise to residual stresses, local disturbances in the redox equilibrium and an increase in grain boundary energy of the ferrite. The latter would promote excessive grain growth,'6s17 as this decreases the surface-to-volume ratio of the grains. The second type of defect consists of large pores surrounding insufficiently bonded agglomerates, labelled 'a' (Fig. 4) . Possible causes could be a different elastic relaxation after pressing or a faster densification due to a higher density of .these agglomerates relative to the neighbouring agglomerates. '8 In testing at low stress rates the majority of failures initiate on defects of type 'g'. With increasing stress rate an increasing number of failures starts at defects of the other kind ( Fig. 5 ). Introducing water increases the percentage of cores failing on defect 'g'. Figure 6 shows the mean strengths of both the complete dry and wet tests, as well as the mean strengths of the cores broken either at defects 'g' or at defects of type 'a'. In wet tests, the cores broken on defect 'a' always show the highest mean strength and the relative differences in strength are about equal at all stress rates. In dry tests, cores having failed on defects of type 'g' have a higher mean strength (except for the lowest stress rate) and the difference seems to increase with increasing stress rate. In order to have a representative number of cores broken on each kind of defect, even with small failure fractions, all tests shown in Fig. 5 were performed on a total of 75 cores each. All other tests were made on 25 cores. Figure 7 shows the Weibull plots of both the complete and the censored sets of a single test. Introducing a second kind of defect in cores containing previously only one kind of defect decreases the strength of these cores. If censoring were not applied, then the curve resulting from the combined effect of the two kinds of defect would be located somewhere between the two 'monomodal' curves. Note that Fig. 7 , as all Weibull plots of bimodal distributions found in this study, does not show the knee in the plot of the complete set, whose presence is often associated with the existence of a bimodal distribution, even without fractographical evidence."
The higher susceptibility to SCG of cores failing on defect 'g', relative to failures on defect 'a', could be linked to the chemical changes in the ferrite associated with zinc loss. This suggests that the oxidation degree of the ferrite, changed by zinc loss, not only determines strength, but also could influence the sensitivity to subcritical crack growth. 99.0 -t 90.0 I
Strength and defects after eliminating defect 'g'
As was mentioned earlier, the defects of type 'g' originate from a chemical reaction of the ferrite with alumina refractory material. To eliminate these defects, cores were fired, standing 'legs down' on similar E cores resting on their backs. These cores were designated 'type B'. In this way, contact with the alumina refractory was prevented while still allowing for movement of the core due to shrinkage. The mean strength of type B cores in dry tests at the intermediate stress rate is about equal to that of type A cores. In wet tests, however, type B cores give a 15% higher strength compared to type A cores. Fractography shows that type B cores only fail at defects of type 'a'. A Weibull plot of the results of dry and wet tests of type B and type A cores, the latter censored to remove defect 'g', is shown in Fig. 8 . In this example, the mean strength in wet tests of type B cores is about equal to that of type A cores having failed on defect 'a'. In dry tests, type B cores are about 10% less strong. In both dry and wet tests, type B cores show a higher Weibull modulus (14, as compared to 8 for wet and 6 for dry tests of type A 'a' cores). This again shows that cores failing on defects of type 'a' are less susceptible SCG. defect types. As shown in Fig. 9 , the stress rate still influences the actual strength in dry tests. Over the measured range of stress rate, a 17% strength reduction was found. The effect on strength of the presence of water is remarkably small, as compared with the unground cores. Fractographical analysis of the fracture surfaces showed that indeed no failure occurred on defects of type 'a' or 'g'. Instead, small cracks, damage presumably caused by grinding and pores, act as critical defects (Fig. 10 ).
Conclusions
Constant stress rate strength measurements in dry and wet environments on MnZn ferrite cores have shown that this material is susceptible to subcritical crack growth. A clearly confirmed example of a concurrent flaw distribution is given by systematically employing fracture statistics and fractography. In this case, cores failing on one type of defect (excessively large grains) are shown to be more susceptible to SCG than those failing on the other type (pores surrounding agglomerates). Therefore the occurrence of failures on these defects changes with changing stress rate or humidity. Cores made with an adapted processing to prevent the formation of the large grains show a strength distribution comparable to that of the original cores having failed on the other defect type. Grinding 0.2 mm off the back of the cores removes both defect types, improves the mechanical strength and reduces the SCG susceptibility.
